Abstract. It is proposed that transient volcanic explosions of the vulcanian type may provide a mechanism for the generation and dispersal of pyroclastic material on Venus. The influence of the Venusian high atmospheric pressure environment implies that continuous discharge plinian eruptive activity is relatively uncommon: the tendency for suppression of exsolution and expansion of magmatic gases favors effusive eruptions. However, it may be possible for explosive activity to occur, in a fashion analogous to vulcanian eruptions on Earth, as a result of the accumulation of hot, pressurized gas under a coherent rock "lid". The explosion may be initiated by the failure of this retaining caprock, causing the catastrophic release of the high-pressure gas, which expands out of the vent driving the fragmented caprock material ahead of it and displacing the surrounding atmosphere. On Earth the driving gas may originate either from vaporization of groundwater or from degassing of a stalled magma body in the near-surface crust, whereas on Venus, where the presence of crustal stores of volatile compounds is uncertain, the latter option only is favored: prolonged degassing may lead to an accumulation of gas sufficient to initiate an explosion. This paper presents the results of a numerical model describing the explosion process under boundary conditions representing the Venusian physical environment. This involves treatments of the acceleration of the driving gas, caprock and displaced atmospheric gas out of the vent and the subsequent motions and aerodynamic interactions between the atmosphere and the ejected blocks of fragmented caprock. In this way, predictions of the eruption velocities and of the resulting distribution of (large) solid ejecta can be obtained for likely conditions on Venus. Deposits of large blocky debris are predicted to range up to a maximum distance of the order of 1 km from the vent on Venus, compared with distances of several kilometers commonly attained by ejecta from transient explosions on Earth. More typical blocky deposits may extend for only a few hundred meters, which implies that they would not be detected in the Magellan radar data. However, the possible presence of associated pyroclastic flow and fine-grained ashfall deposits may constitute aids to the identification of sites of vulcanian eruptions on Venus.
Introduction
The very high atmospheric pressure on Venus (ranging from -10 MPa to -5 MPa over the -10 km range of planetary elevation) will tend to suppress, or at least reduce, the exsolution and expansion of volatiles contained in ascending magmas [Wood, 1979; Wilson and Head, 1983; Head and Wilson, 1986 ].
Uncommonly high (by terrestrial standards) total magmatic volatile contents are required for subsurface magma fragmentation (and hence the initiation of explosive activity in which a steady discharge of gas and pyroclasts takes place) to occur at all [Garvin et al., 1982; Head and Wilson, 1986] . It is by no means clear that these volatile contents are achievable in magmas on Venus. Furthermore, exsolved volatile contents in excess of several weight percent, together with favorable combinations of high vent altitude and eruption temperature, are necessary for eruptions feeding high, convecting eruption clouds to be maintained. Otherwise the collapse of the eruption column and
Background Volcanism on Venus
The analysis of Magellan synthetic aperture radar (SAR) images of Venus has revealed a startling array of volcanic features, including shield volcanoes and lava flows on many scales, the morphologies of which are consistent with a basaltic composition [Head et al., 1991] . Venera Lander geochemical data also indicate possible tholeiitic or alkali basalt surface rock compositions [Surkov et al., 1984 [Surkov et al., , 1987 . There is some evidence that more evolved magmas exist on Venus: Venera 8 gamma ray spectrometer data suggest an intermediate to silicic composition [Surkov et al., 1976 [Surkov et al., , 1977 Nikolaeva, 1990] Consideration of volatile solubilities with respect to the high atmospheric pressure on Venus causes doubts as to whether steady explosive activity can occur at all. For typical magmatic volatile contents, the high pressure will act to inhibit or at least reduce the exsolution and expansion of magmatic gases [Wood, 1979; Garvin et al., 1982; Wilson and Head, 1983 ; Head and Wilson, 1986 ]. In the shallow lithosphere, lithostatic pressures are greater than on the Earth as a result of the high atmospheric surface pressure. As a result, the pressures at which magma fragmentation takes place (when the magmatic gas bubble volume fraction exceeds some critical value of-•0.75 [Sparks, 1978] ) are always reached at shallower depths on Venus [Garvin et al., 1982; Head and Wilson, 1986] and much larger volatile contents are required if magma fragmentation is to take place at all. Table   1 gives the minimum total H20 and CO 2 contents required for disruption of a basaltic magma at various vent altitudes. For rhyolitic magmas, Head and Wilson [1986] show that exsolved volatile contents of several weight percent are needed for plinian eruption columns to form. Clearly, the minimum volatile contents required for the disruption of Venusian magmas (i.e., to produce continuous explosive eruptions) lie above or at the upper end of the range of typical magmatic volatile contents of terrestrial magmas [Basaltic Volcanism Study Project, 1981] .
Even if a magma on Venus contains sufficient volatiles for the will also reduce the amount of gas expansion. This reduces the energy available to drive the eruption, which is a function of the ratio of the initial (preexpansion) and final (atmospheric) gas pressures, relative to that on Earth. The velocity reached by the erupting fluid on reaching the surface will therefore be rather modest compared with terrestrial conditions. Thornhill [1993] shows that steady explosive plinian activity, forming a high convecting eruption cloud, can only be sustained for unlikely combinations of high volatile contents, high vent altitudes and high eruption temperatures; fountain-fed pyroclastic flows are more likely to occur in an explosive scenario. However, transient activity may be rather more common. Garvin et al. [1982] argued that Strombolian activity is possible in low-viscosity Venusian basalts if they ascend through the crest sufficiently slowly. The low rise speed allows time for bubble growth by gas diffusion; then, as the buoyancy-driven upward acceleration of bubbles becomes more important, there are an In a similar fashion, vulcanian activity can occur on Venus as a result of gas exsolution and accumulation under a retaining lid where a magma is rising slowly or has stalled near to the surface. Given sufficient time for gas to accumulate, even low magmatic volatile contents (of any species) can produce a significant concentration beneath the caprock. Whereas the dense Venusian atmosphere will rapidly suppress the flight of the relatively finergrained Strombolian ejecta, leading to ranges of only a few meters [Garvin et al., 1982] , the larger pieces of fragmented caprock ejected during vulcanian events, by virtue of their greater inertia, will be able to attain significantly greater distances.
Transient Vulcanian Explosions
Vulcanian eruptions are defined as discrete, intermittent volcanic explosions separated by intervals of minutes to hours or days [Wilson, 1980] and on Earth are typically associated with intermediate composition stratovolcanoes. Dense slugs of gas and solid material are ejected at velocities that may be supersonic relative to the speed of sound in the surrounding atmosphere (as evidenced by the observation of shock waves [Steinberg and Steinberg, 1975; Nairn, 1976; Livshitts and Bolkhovitinov, 1977] ), with pyroclastic ejecta usually consisting of_>50 wt % nonjuvenile material. A proportion of the ejected material consists of large lithic and juvenile blocks projected on near-ballistic paths. Finer material is entrained into a convecting eruption cloud, which typically reaches heights on Earth of <5 to 20 km [Cas and Wright, 1988] in single isolated events. On Earth, small-volume pyroclastic flows are commonly, but not necessarily, associated with vulcanian eruptions, as a result of rapid fall back of ejecta onto the summit area of the volcano.
However, the observed ran-out distances and inferred flow velocities are relatively small, which is consistent with both the limited volumes of material emitted and the low degree of fluidization occurring as a result of the high proportion of nonjuvenile (and hence cooler) rock.
The earliest work on modeling terrestrial vulcanian eruptions used the so-called modified Bernoulli equation (MBE) [Matuzawa, 1933] or the gun-barrel equation (GBE) [Minakami, 1950; Decker and Hadikusumo, 1961] may be attributed to thermal stresses, trapped residual gas or high strain due to the presence of a large proportion of crystals within the viscous melt. It follows that caprock consisting of hot juvenile material may be expected to display similar properties of failure. Thus it may be argued that maximum tensile strengths may be of order 10 MPa, leading to a maximum possible excess gas pressure of-20 MPa; this is at least 1 order of magnitude smaller than the pressures calculated from the MBE and GBE.
In a reappraisal of the fluid mechanics of volcanic explosive processes, Wilson [1980] showed that the MBE and GBE are in fact inappropriate for describing any type of eruption and proposed a treatment which took explicit account of the gas expansion during explosions. This analysis was readily shown to lead to lower preemption pressures [Self et al., 1979] . However, an assumption employed in setting up this model was that clasts were ejected into an atmosphere at rest. Fagents and Wilson [1993] pointed out that the initiation of a transient eruption will cause the atmosphere overlying the vent to be displaced en masse, such that the initial speed of the displaced atmosphere will be essentially the same as that of the ejected caprock. As the caprock raptures into fragments, individual blocks are launched into atmosphere moving at approximately the same speed. The implication is that initial drag forces acting on the clasts are essentially zero, only becoming significant as the gas velocity decays, a striking contrast to the earlier work in which the gasclast relative velocity (and hence drag force) would have been assumed to be initially very high. Thus the velocity (and therefore initial excess pressure) required for a block to reach a given distance from the vent would have been greatly overestimated. Fagents and Wilson [1993] showed that, with due allowance for this effect, preexplosion gas pressures completely compatible with rock tensile strengths were predicted for a number of well-documented eruptions.
Turcotte et al.
[1990] employed a treatment of the unsteady flow of a "pseudogas" through an expansion fan to model vulcanian eruptions. However, the assumption of a pseudogas (in this case approximating finely divided magmatic material thermally and physically coupled with the exsolved juvenile phase) is inconsistent with scenarios in which a large proportion of the eruptive products consists of blocky, nonjuvenile material driven ahead of the expanding gas phase. Field observations of deposits produced from transient eruptions in which at least some juvenile gas was involved support the premise that the erupted material is not a homogeneous mixture of gas and fine particulates, but rather a highly nonuniform mixture of gas, juvenile material, and country rock. There is still considerable uncertainty as to the origins of the gases involved in most vulcanian explosions on Earth. Fagents [1994] demonstrated that gas mass fractions required for typical vulcanian explosions are greater than magmatic volatile contents, which implies a significant concentration of gas beneath the vent by some means. The buildup of gas pressure responsible for the initiation of a transient explosion may be gradual, as in the case of quiescent degassing of a stationary magma body, or more sudden, as a result of rapid vaporization of groundwater. Gas may be contributed from either source. However, involvement of a large amount of external water ensures greater efficiency of thermal to mechanical energy transfer and a more thoroughly fragmented magma, leading to phreatic or phreatomagmatic eruptions of fine-grained material [Wohletz, 1983] , most of which will be incorporated into a convecting eruption cloud. In the case of Venus, we do not anticipate the presence of large amounts of volatiles in the country rocks, and so we infer that the model described by Fagents and Wilson [ 1993] will be most appropriate for the description of vulcanian eruptions.
The Explosion Model
It is assumed that pressurized gas (juvenile or meteoric) accu-' mulates beneath a retaining medium, which may consist of a plug of older lava or volcanic debris (if the eruptive center is already established) or simply comprise the preexisting ground surface in the case of a new explosion site (e.g., the initial explosions at Arenal volcano 1968 [Melson and Saenz, 1973] (1) where P a and Pa are the atmospheric pressure and density, h' is the ratio of the specific heats of the trapped gas, and r21 = r 2 -r 1.
Integration of equation (1) 
where t' is the duration of the whole "gas thrust" phase, at the end of which, if convective motion were not to take over, the gas would have decelerated to zero velocity (i.e., after the initial kinetic energy of the gas has been expended). This is found by continuing the integration of equation (1) This model allows for lateral expansion of gas above the vent, which is most likely to occur when there is no vent/cone structure to channel the material vertically upwards. Previous models only treated one-dimensional gas expansion, which would lead to the prediction of a greater velocity for a given pressure because none of the energy from the expanding gas would be used in accelerating the erupting material laterally.
The model is implemented in two FORTRAN computer programs: the first describes the initial gas expansion phase of the explosion, to find the launch velocity u 0, launch position R 0, and gas velocity decay constant r for any chosen combination of initial gas pressure Pgz' gas mass fraction n, and gas region radius r l; the second computes the pyroclast trajectory and landing position subject to the atmospheric motion given the parameters u 0, R 0, r, and the clast density and radius.
Application of Model to Venus
In order to predict the likely ranges of ejecta in vulcanian explosions on Venus it is necessary to choose plausible ranges of values for the parameters controlling the explosion process: the initial gas pressure Pgz, the gas mass fraction n and the gas region radius rl; and also for the properties of the atmosphere through which the ejected pyroclasts travel. We address these factors in turn.
Initial Gas Pressure
It seems likely, given that the ranges of compositions of terrestrial and Venusian rocks are taken to be broadly similar, that their tensile strengths will also be similar. It may be argued, however, that the pervasive fracturing of volcanic terrains observed on Venus from Magellan images may cause likely caprock strengths (and hence the corresponding excess pressures which accumulate in trapped gases) to fall in the lower end of the range of expected terrestrial values. However, for the sake of comparison, the entire range of vent pressures expected on the basis of analyses of terrestrial vulcanian explosions, Pgz = 0.01 to 20 MPa, has been investigated.
Gas Mass Fraction
The high abundance of CO 2 (and paucity of H20 ) in the present-day Venusian atmosphere suggests that CO 2 may currently be the main volatile species in magma source regions. However, despite the fact that some geochemical models of Although it is not clear that country rock volatiles may be encountered during magma ascent on Venus, there is every reason to believe that at least some magmatic volatiles will commonly be liberated as magmas approach the surface , thus ensuring that a mechanism for generating volatiles that can accumulate in stalled magma bodies does in fact exist. However, there is no simple way of predicting an upper limit on the gas/caprock mass ratio (n), since it is dependent on many factors: the dimensions of both the caprock and the gas pocket; the source of the gas (magma or country rock); and the residence time of the magma in the near-surface crust. An upper value of 30 wt % was suggested by Head and Wilson [1986] as being representative of the possible amount of gas that could accumulate on any terrestrial planet, and this is used as an upper limit here, but is the subject of further discussion below.
Size of Gas-Filled Region
The high Venusian atmospheric pressure can have a significant effect on the density structure of growing volcanoes and so on the ascent behavior of magmas, determining whether the magma is likely to reach the surface directly or to stall as an intrusion, possibly leading to accumulation in a shallow magma chamber. Head and Wilson [ 1992] show that there appear to be two possibilities: in areas of intermediate to high altitude, ascending magma encounters a zone of neutral buoyancy at some depth in the crust. The magma then stalls and will only continue its ascent if gas exsolution takes place to lower the bulk density and thus increase magma buoyancy relative to the surrounding country rock. A prolonged intrusive history may lead to formation of a shallow magma reservoir, and if dikes propagate from such a reservoir they are likely to have similar widths to dikes on Earth since the planetary gravity and the total range of depths at which neutral buoyancy zone (NBZ) reservoirs reside are similar . However, in areas of low elevation the high atmospheric pressure has a greater inhibiting effect on volatile exsolution and on the formation of NBZs and therefore precludes the formation of shallow magma reservoirs. Magma may therefore rise directly from the mantle partial melt zones at depths of--,10 to 20 km, leading to wider near-surface dikes than are commonly seen on Earth. Elasticity theory [Pollard, 1987] suggests that the width factor will increase only as the square root of the depth, as a first approximation, suggesting dikes 2-3 times wider. This may have some consequence for the size of the initial gas region r 1 (since rl = w/sin o•, 
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Atmospheric Properties
The necessary parameters describing the Venus atmosphere (variations of pressure, density and temperature with elevation above mean planetary radius) were taken from Kliore et al. [ 1985] . The viscosity of the atmospheric gas was computed from the temperature taking the composition to be pure CO 2 and a value of 8.8 m s -2 was adopted for the acceleration due to gravity near the Venus surface.
Results
In accordance with the above considerations, the two computer programs comprising the model were run repeatedly for all permutations of the following ranges of input parameters: excess pressure in the vent, Pgz = 0.01 to 20 MPa; gas mass fraction, n = 0.01 to 0.3; gas region radius, r 1 = 10 to 200 m. Both H20 and CO 2 were employed as driving gases for the eruption simulations. function of initial gas pressure Pgz' and gas/caprock mass ratio n, for various combinations of driving gas and elevation on Venus and on Earth. The solid curves show the results of employing initial gas temperature of 1200 K (i.e., approximately magmatic temperature) in the model, whereas the dashed curves represent an initial gas temperature of 1000 K (allowing for the fact that the gas may have cooled somewhat during the accumulation period). In the case of magmatic gases being involved in driving the explosion, it is not anticipated that the temperature will drop significantly during accumulation, as they will be insulated to some extent by the overlying caprock. However, if external volatiles are involved, which is more likely on Earth, gas temperatures may be significantly lower, since the gas would have had to be heated up from much lower temperatures. As can be seen, the effect of advocating a lower initial gas temperature is to reduce the ejection velocity attained, which is a result of less energy being available to drive the gas expansion.
It is also apparent from Figure 2 It is also evident that the ejection velocity for any one set of initial parameters (gas mass fraction, initial gas pressure, choice of volatile species) is significantly greater for higher vent elevations. On Venus, for n = 0.10 and P gz = 10 MPa, an increase in ejection velocity of several tens of m s -1 results from the decrease in atmospheric pressure from -10 MPa to 5 MPa over a 10-km elevation difference. In terms of the explosion model, the higher atmospheric pressure at low elevations restricts the amount of gas expansion (the driving pressure term in equation (1) is much reduced) and the mass of the atmosphere to be displaced by the explosion is much greater. The accelerations and hence ejection velocities attained are therefore much smaller than they would be for the higher elevations.
In addition, the velocities attained for CO 2 are significantly less than when H20 is used as the driving gas. This is a result of the greater molecular weight of CO 2, which has the effect of increasing the gas density in the vent for any given gas pressure.
The gas mass is thus greater than for H20, which ensures a greater caprock mass for any chosen gas mass fraction n. The consequent effect is a significant diminution of the accelerations of the caprock and displaced atmosphere (the denominator in equation (1) For greater values of rl, larger masses of gas are involved in the explosion for any chosen value of n. Thus the gas expansion takes place over a greater distance, and hence R 0 is larger. For Venus (Figures 4a and 4b) , where the clast ranges in "free" flight (i.e., subsequent to the initial expansion phase when they are still locked to the gas motion) are only of the order of 100 m, owing to the large decelerations imposed by the retarding influence of the dense atmosphere, the additional distance contributed by the greater R 0 means that significantly larger final ranges can be obtained. For Earth (Figure 4c ), the increase in clast range obtained for larger r 1 is a much lower proportion of the total range owing to the lesser degree of retardation of the clast in flight. The final velocities attained do not differ significantly for a large variation in r•, provided n is kept constant.
Discussion
The dominant factor determining the limited extent to which material may be ejected in Venusian explosions is the dense atmosphere. This restricts the exsolution and expansion of gas 26,333 sufficient time that the lower limits on pressure and gas concentration are exceeded so that, on caprock failure, a significant explosion may occur; otherwise, no explosion takes place. The discussion above suggested that larger dikes may occur on Venus than on Earth. The results of the modeling show that a variation in the size of the initial gas region can significantly affect pyroclast ranges on Venus, where the extra distance afforded by the larger source size may make a significant contribution to the final clast range. However, despite the possibility of wider dikes on Venus, the resulting deposits would still be very localized with respect to the Earth.
We will now consider the likely maximum ranges of fragments ejected from transient eruptions on Venus. The greatest distance is attained when each of the initial model parameters is the maximum possible [Fagents and Wilson, 1993] . Table 2  presents It therefore appears possible that transient explosive activity provides a mechanism for distributing pyroclastic products in the Venusian environment. While not wanting to preclude the possibility of more vigorous explosive (plinian) activity, which may be required to emplace ash over greater distances (in excess of several tens of kilometers [e.g. , Head et al., 1992] ), the problem of the high volatile contents necessary for such activity is circumvented if vulcanian-style activity, in conjunction with the atmospheric wind r6gime, is able to disperse ash-sized material over distances somewhat greater than the 5 km theoretical maximum deposit width.
Summary and Conclusions
1. Vulcanian-style eruptions may provide a mechanism for dispersal of pyroclastic material associated with magmas having volatile contents lower than the minimum required for steady explosive eruptive activity (hawaiian or plinian) on Venus.
2. The velocity of ejection and the flight distance of clasts expelled in such explosions are sensitive to both the initial excess pressure in the driving gas and the mass ratio of the gas to solid ejecta. In addition, clast range is more sensitive to the size of the regionsoccupied by gas prior to the explosion on Venus than on Earth. 3. Ejection velocities ranging up to a maximum of-200 m s -1 (H20) and -100 m s -1 (CO 2) are predicted for plausible combinations of gas content, excess pressure and gas region radius. Deposits of large, blocky ejecta are likely to be very localized, with a predicted maximum extent of 1 km on Venus (cf. >10 km on Earth). In most cases the distribution of blocky ejecta will be below the limits of detection in Magellan SAR data. 4. Ashfall deposits or pyroclastic flows associated with transient eruptions may extend to greater distances than large blocky ejecta and therefore be identifiable in Magellan data. Eruptions analogous to vulcanian explosions on Earth could be responsible for the formation of the possible ashfall deposits having widths somewhat in excess of 5 km observed near small volcanic edifices on Venus. Greater dispersal is only possible from discrete explosions with a higher (>0.25) thermal efficiency, or from maintained plumes arising from plinian activity or frequently repeated vulcanian explosions.
